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Correspondence francis.barr@bioch.ox.ac.uk In Brief Gerondopoulos et al. show that the CPLANE components Inturned and Fuzzy form a conserved Rab23 GEF involved in the establishment of planar polarity and in cilium formation. Inturned and Fuzzy each contain 3 longin domains, with the first pair required for Rab23 GEF activity. SUMMARY A subset of Rab GTPases have been implicated in cilium formation in cultured mammalian cells [1] [2] [3] [4] [5] [6] . Rab11 and Rab8, together with their GDP-GTP exchange factors (GEFs), TRAPP-II and Rabin8, promote recruitment of the ciliary vesicle to the mother centriole and its subsequent maturation, docking, and fusion with the cell surface [2] [3] [4] [5] . Rab23 has been linked to cilium formation and membrane trafficking at mature cilia [1, 7, 8] ; however, the identity of the GEF pathway activating Rab23, a member of the Rab7 subfamily of Rabs, remains unclear. Longin-domain-containing complexes have been shown to act as GEFs for Rab7 subfamily GTPases [9] [10] [11] [12] . Here, we show that Inturned and Fuzzy, proteins previously implicated as planar cell polarity (PCP) effectors and in developmentally regulated cilium formation [13, 14] , contain multiple longin domains characteristic of the Mon1-Ccz1 family of Rab7 GEFs and form a specific Rab23 GEF complex. In flies, loss of Rab23 function gave rise to defects in planar-polarized trichome formation consistent with this biochemical relationship. In cultured human and mouse cells, Inturned and Fuzzy localized to the basal body and proximal region of cilia, and cilium formation was compromised by depletion of either Inturned or Fuzzy. Cilium formation arrested after docking of the ciliary vesicle to the mother centriole but prior to axoneme elongation and fusion of the ciliary vesicle and plasma membrane. These findings extend the family of longin domain GEFs and define a molecular activity linking Rab23-regulated membrane traffic to cilia and planar cell polarity.
RESULTS

Identification of the Rab23 GEF Complex
Phylogenetic analysis shows that Rab23 is a member of the Rab7/32/38 family of Rabs acting in lysosome and lysosome-related organelle trafficking [15] . Rab7 family GTPases are activated by a conserved group of two-subunit GEF complexes, where each subunit is characterized by a single copy of a common a-b-a sandwich fold, the longin domain that is close to the N terminus [9] [10] [11] [12] . Longin domains are a defining feature of diverse GEFs and can therefore be used to identify these enzymes [16] . Because of the relationship between Rab23 and Rab7, we therefore searched for proteins related to the Mon1-Ccz1 Rab7 GEF complex using HHSearch [17, 18] . This approach revealed similarity not only with the Rab32/38 GEF BLOC-3 (subunits Hps1 and Hps4) but also with two other proteins, Inturned (Intu) and Fuzzy (Fuz), previously implicated as planar cell polarity effectors and in developmentally regulated cilium formation [14, 19] . Fuz shows homology over its entire length to both Mon1 and Hps1, and each of these three proteins is predicted to contain three longin domains ( Figure 1A) . Intu appears to have two protein interaction domains in its N terminus, a previously detected PDZ domain [20] , and a region that we identify as being weakly similar to WW domains. Most important for this work, the C-terminal portion of Intu, after the PDZ domain, is homologous to the full length of Ccz1 and Hps4 (Figure 1B) . Intu, Ccz1, and Hps4 are all predicted to contain three longin domains, in the same pattern as Fuz, Mon1, and Hps1 ( Figure 1B ). This indicates that Intu and Fuz are likely to have arisen by duplication of a single progenitor, already implicated as the ancestral gene for Ccz1, Mon1, Hps1, and Hps4 [12] . The similarity between the C-terminal half of Fuz and longin domains in vesicle coat proteins and the SNARE membrane fusion protein Ykt6 was noted previously [21] . However, at that time, it was not realized this was a feature of some Rab GEFs. Our prediction also adds to what was known about this entire family by identifying two hitherto overlooked longin-type domains in the region C-terminal to the known longin domain [16] .
This pattern of homology indicates that Intu-Fuz are likely to form a functional pair, equivalent to Mon1-Ccz1 and Hps1-Hps4. Interaction mapping revealed that Intu and Fuz form a binary complex (Figures 1C and S1C). In part, this is likely to be mediated by the multiple longin domains in both proteins (Figures S1A and S1B). By analogy with the other longin domain containing Rab GEFs [11, 22] , we propose that the multiple longin domains are likely to form sequential pairwise interactions.
In agreement with the proposed family relationship, Intu-Fuz complexes show specific GEF activity toward Rab23, but not other Rab7 subfamily GTPases, or Rab1, Rab5, and Rab9 (Figure 1D) . This activity was comparable to the Rab7 and Rab32/ 38-specific GEFs Mon1-Ccz1 and Hps1-Hps4, respectively (Figure 1D) . This activity required the first longin domain of Intu (Figure S1A), similar to mapping of Rab7 GEF activity to the first longin domains of Mon1-Ccz1 [11] . More detailed kinetic analysis confirmed that Rab23 is activated by Intu-Fuz in a concentration-dependent fashion, but not by the unrelated Rab5 GEF Rabex-5 ( Figure 1E ). Intu-Fuz has a high specific activity for Rab23, k cat /K M $6 3 10 3 M À1 s À1 ( Figure 1F ), similar to other Rab GEFs [23] . Like other GEFs in this family, both subunits are required for specific GEF activity ( Figure 1F ). Finally, two disease-associated Intu mutants [24] resulted in reduced Rab23 GEF activity ( Figure S1D ). Based on these findings, we conclude that Intu-Fuz has the hallmarks of a specific Rab23 GEF.
Rab23 GEF Localizes to Cilia and Promotes Cilium Formation
Previous work has shown that loss of Intu and Fuz in animal models disrupts ciliogenesis [14, 21, 25, 26] . Furthermore, Fuz has previously been shown to localize to centrioles and the basal region of cilia [27] . We therefore investigated the localization of endogenous Rab23 GEF complexes using Intu-specific antibodies. Comparison with two ciliary membrane markers, Arl13b and Rab8, revealed that Intu localizes to the basal region of the cilium adjacent to one of the centrioles (Figures 2A and  S2A , arrows). This staining was lost in cells depleted of either Intu or Fuz, consistent with the biochemical data that these proteins function as a GEF complex. Rab23 depletion resulted in a collapse of the Intu staining to a small punctate structure overlapping one of the centrioles (Figure 2 , arrows and arrowhead). Consistent with the idea that this is a ciliary vesicle precursor associated with the mother centriole, the structure was positive for Rab8 ( Figure S2A , arrow). Similar results were obtained using the IFT-B component IFT88 as a marker for the interior of the cilium and ciliary vesicle ( Figure S2B ).
Loss and shortening of cilia to a single point, most likely to be a ciliary vesicle, was seen with depletion of Intu, Fuz, or Rab23 as well as Rab8 in IMCD3 cells ( Figures 2C-2F ). As a negative control, the ciliary membrane protein Smoothened, which is required for Hh signaling, but not cilium formation or maintenance, was depleted. As expected, the cilia were of the same length and observed at the same frequency as in control cells ( Figures  2B-2D ). These findings were confirmed in hTERT-RPE1 cells depleted of Intu, Fuz, or Rab23, which show fewer and shorter cilia ( Figures S2C-S2F ).
To provide additional support for the role of Rab23 at cilia, we investigated the role of its cognate GAP, EVI5L, which can be used to specifically inactivate Rab23 [1] . Similar to results obtained in hTERT-RPE1 cells [1] , overexpression of catalytically active Rab23 GAP (EVI5L)-but not the catalytically inactive mutant-reduced cilium formation and cilium length in IMCD3 cells ( Figures S3A and S3B) . A structurally related GAP acting on Rab35 (EVI5) had no effect on cilium formation or length, (F) Initial rates of nucleotide exchange were extracted from these data for the Intu-Fuz complex or the individual subunits and plotted against GEF or subunit concentration for 3 independent experiments. Catalytic efficiency (k cat /K M ) toward Rab23 was calculated as described in the STAR Methods. See also Figure S1 . Wild-type Rab23 localized to the plasma membrane in both hTERT-RPE1 and IMCD3 cells ( Figures S3C and S3D ). However, the slowly cycling Rab23 Q68A dominant active mutant was greatly enriched at the cilium (Figures S3C and S3D) but did not alter the length of cilia in either cell line ( Figures S3E and S3F ). This is different to the effects of Rab8 expression, which increases cilium length when overexpressed [1] . Notably, fewer than 20% of cells depleted of Intu-Fuz have cilia ( Figure 2C ), and those cilia that do form are shortened to <1 mm in length ( Figure 2D ).
We then asked whether overexpression of wild-type Rab23 or the dominant active Q68A mutant that accumulates in cilia could rescue the effects of Intu-Fuz depletion. Overexpression of wildtype Rab23 rescued cilium formation in over 50% of cells (Figure 2E ), and cilium length increased to $2 mm ( Figure 2F ). The dominant active Rab23 Q68A mutant rescued cilium formation to the level seen in control cells ( Figure 2E ), and cilium length was increased to $3 mm compared to 4 mm in control cells ( Figure 2F ). To ascertain the specificity of these effects, Rab23 and Rab23 Q68A were expressed in cells depleted of Arl13b, which fail to assemble normal axonemes [28, 29] . In neither case could Rab23 overexpression rescue the effects of Arl13b depletion on cilium formation ( Figures 2E and 2F ).
Expression of dominant negative inactive Rab23 N121I and known disease-associated mutants Rab23 M12K, C85R [30, 31] resulted in reduced cilium formation ( Figures S3D-S3F ). Both Rab23 N121I and the two disease-associated mutants have reduced GDP-binding properties ( Figure S3G ) and show an increased rate of basal GTP-hydrolysis ( Figure S3H ). These mutants therefore rapidly bind, hydrolyze, and release nucleotide in the absence of any regulatory factors. This rapid cycling may explain why they act as dominant negative mutants, interfering with endogenous Rab23 function.
Taken together with published work [27] , these results support the conclusion that Intu-Fuz complexes localize to the forming cilium and proximal region of mature cilia and function upstream of Rab23 to promote its activation.
Rab23 Activation Is Required Downstream of Ciliary Vesicle Formation
To further narrow down the stage at which Rab23 and the Rab23 GEF are required for cilium formation, hTERT-RPE1 cells were examined by transmission electron microscopy. Adjacent serial sections show the mother centriole marked by characteristic appendages, the associated axoneme, and ciliary pocket in control cells ( Figure 3A ). In cells depleted of either Fuz or Rab23, intact axonemes were not found, consistent with the loss of acetylated tubulin staining seen by light microscopy (Figures 2A and S2A ). However, docked ciliary vesicles were observed by electron microscopy in both cases ( Figure 3A) , a phenotype seen previously in cells lacking Rab8 [5] . These observations support the idea that the Rab8-positive punctate structures seen by light microscopy in cells depleted of Rab23, Fuz, or Intu are ciliary vesicles docked to the mother centriole ( Figure S2A ). They also help us place Intu-Fuz and Rab23 downstream or parallel to Rab8 in the cilium formation pathway. Based on these findings, we propose that they function at an intermediate or late stage of cilium formation, after docking of the ciliary vesicle to the mother centriole but prior to axoneme elongation and fusion of the ciliary vesicle and plasma membrane ( Figure 3B ).
Inturned and Fuzzy Act with Rab23 to Regulate Planar Polarized Trichome Formation in Drosophila
We then asked whether the regulation of Rab23 by Intu and Fuz is conserved. In the Drosophila pupal wing, In and Fy (the fly homologs of Intu and Fuz) are thought to act in a complex with the WD40-repeat protein Fritz (Frtz) (Wdpcp in vertebrates). In, Fy, and Frtz localize to proximal cell ends, where they regulate the phosphorylation and localization of the atypical formin multiple wing hairs (Mwh). Mwh then inhibits actin polymerization and restricts production of actin-rich trichomes to distal cell edges ( Figures 4I and 4J ), suggesting that Rab23 activity, but not its localization, is regulated by In, Fy, and Frtz. These findings are consistent with the idea that Rab23 functions in a conserved pathway downstream of Intu-Fuz.
DISCUSSION
Intu-Fuz Expand the Family of Longin Domain Rab GEFs
Intu, Fuz, and the WD40 repeat protein WDPCP/Fritz form part of the ciliogenesis and planar polarity effector protein complex (CPLANE) [24] . Here, we show that the Intu-Fuz subcomplex of CPLANE has GEF activity toward Rab23. Consistent with this biochemical activity, we find that Rab23 functions downstream of Intu-Fuz in cilium formation in mammalian cultured cells and planar polarized trichome localization in Drosophila. The existing Rab7 family GEFs, Mon1-Ccz1 and Hps1-Hps4, are known to have two longin domains, forming the enzymatic core of the GEF. Our analysis shows that these GEFs and Intu-Fuz have 6 longin domains, likely to form 3 dimeric platforms. We suggest that these complexes are named tri-longin domain Rab (TLDR) GEFs to distinguish them from complexes such as the Rab1 GEF TRAPP, which have a dimeric longin domain catalytic site or single longin domain DENN-family Rab GEFs [22, 36] . The known TLDR GEFs Mon1-Ccz1 and Hps1-Hps4 activate Rab7 and Rab32/38 in pathways directing traffic from early endosomal compartments to lysosomes and lysosome-related organelles, respectively [9] [10] [11] . Endocytic trafficking is crucial for the regulation and formation of cilia [37] , and the evolutionary relationship with Rab7 and Mon1-Ccz1 suggests that Rab23 and Intu-Fuz are conserved components governing trafficking between endosomal and ciliary compartments.
In addition to contributing to Rab23 GEF activity, Fuz interacts with the Ras superfamily GTPase RSG1, also present at the base of cilia and required for a late stage of cilium formation [21, 38, 39] . RSG1 is strongly associated with the CPLANE through Fuz [21, 24] . This tight association is unusual for GTPase-GEF interactions, since these are typically transient. One interesting possibility is that the local recruitment or activity of Intu-Fuz toward Rab23 is mediated through interactions with RSG1. Since longin and related roadblock domains have been proposed to be versatile binding platforms for GTPases [12, 16] , the presence of multiple such domains in Intu-Fuz would be consistent with interaction with more than one GTPase. This is an area requiring further investigation. Despite these defects, nodal cilia were found to be morphologically normal in one of these studies [42] . Previous reports and the work shown here indicate that cilium formation in some cultured cell lines is perturbed following depletion of Rab23 or suppression of Rab23 function through removal of the GEF or overexpression of the GAP [1] . Rab23 is also required for trafficking of the Hh signaling regulator Smoothened and dopamine receptors to mature cilia in a pathway linked to the kinesin Kif17 and the intraflagellar transport machinery [7, 8] . Therefore, although Rab23 may not be essential for the formation of all cilia during development, it plays an important role in membrane trafficking at cilia.
Intu-Fuz and Rab23 Activation in Planar Polarity and at Cilia during Development
While many questions remain about the interplay between multiple membrane trafficking events during cilium formation, the mechanistic link established in this work between Intu-Fuz and Rab23 activation will be valuable for informing future studies of cilia and the establishment of planar polarity during development.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
LEAD CONTACT AND MATERIALS AVAILABILITY
Further information and request for resources and reagents, such as plasmids, antibodies and fly strains generated in this study should be directed to and will be fulfilled by the lead contact, Francis Barr (francis.barr@bioch.ox.ac.uk).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mammalian cell lines HEK293T cells were cultured at 37 C and 5% CO 2 in DMEM containing 10% [vol/vol] fetal bovine serum (Invitrogen). IMCD3 and hTERT-RPE1 cells were cultured at 37 C and 5% CO 2 in a 1: E.coli strains BL21(DE3) were grown in LB and induced at 37 C overnight for expression of recombinant Rab proteins.
Fly strains
Drosophila melanogaster flies were grown on standard cornmeal/agar/molasses media at 18 C or 25 C, in plastic vials in a controlled humidity environment, on a 12 hr/12 hr light-dark cycle. For pupal wing dissections, pupae were aged for 28 hr after puparium formation (APF) at 25 C, or for 32 hr APF for trichome staining.
Fly strains are described in the Key Resources 
Genotypes of experimental models
The full genotypes used in each figure are listed below: Figure 4 ( 
METHOD DETAILS
Molecular Biology and Rab protein expression
Human Rab GTPases, Rab GAPs, Rabex-5, Mon1, Ccz1, Hps1 and Hps4 were previously amplified using PCR from human testis, fetus, and liver cDNA and cloned into pFAT2 for bacterial expression or pGFP-C2 for eukaryotic expression of GFP-tagged Rabs [10] . Inactive Rab GAP mutants EVI5 R208A , EVI5L R160A and TBC1D30 R349A have been characterized previously [1] . Human Inturned and Fuzzy were amplified by PCR from human testis cDNA. Point mutations were introduced using the Quickchange method. Mammalian expression constructs were made using pcDNA4/TO and pcDNA5/FRT/TO vectors (Invitrogen). Rab proteins in pFAT2 were expressed in BL21 (DE3) pRIL at 18 C for 12-14h. Cell pellets were disrupted in 20ml IMAC20 (20mM Tris-HCl, pH 8.0, 300mM NaCl, 20mM imidazole, and protease inhibitor cocktail; Roche) using an Emulsiflex C-5 system (Avestin Inc.). Lysates were clarified by centrifugation at 16,000 rpm in a JA-17 rotor for 30min. To purify the tagged protein, 0.5ml of nickelcharged NTA-agarose (QIAGEN) was added to the clarified lysate and rotated for 2h. The agarose was washed three times with IMAC20 and the bound proteins eluted in IMAC200 (IMAC20 with 200mM imidazole) collecting 1.5ml fractions. All manipulations were performed on ice or in an 8 C cold room. Purified proteins were dialyzed against TBS (50mM Tris-HCl, pH 7.4, and 150mM NaCl) and then snap frozen in liquid nitrogen for storage at À80 C. Protein concentration was measured using the Bradford assay.
Protein interaction mapping
For protein interaction mapping, FLAG-and myc-tagged full-length or truncation mutants of Inturned and Fuzzy were co-expressed in 1x 10cm dish of 70% confluent HEK293T cells. For this purpose, 400ml OptiMEM (ThermoFisher Scientific) was mixed with 14ml Mirus LT1 (Mirus Bio LLC), and after 5min 2mg of each plasmid DNA was added. After 25min this transfection mix was added to the cells. After 24h growth the cell pellet was lysed for 30min on ice in 500ml cell lysis buffer (50mM 
Purification of longin family GEF complexes
To obtain Rab GEF complexes, FLAG and Myc-tagged forms of Intu and Fuzzy, Mon1 and Ccz1, or Hps1 and Hps4 were transiently expressed in 8x15cm dishes of 70% confluent HEK293T cells. For this purpose, 800ml OptiMEM (Invitrogen) was mixed with 24ml Mirus LT1, and after 5min 6mg of each plasmid DNA added. After 25min this transfection mix was added to the cells. After 40h growth the cell pellet was lysed for 20min on ice in 5ml cell lysis buffer (50mM Tris-HCl pH7.4, 1mM EDTA, 150mM NaCl, 0.5% [vol/vol] Triton X-100, protease inhibitor cocktail). Cell extracts were split into 1ml aliquots and clarified by centrifugation at 20,000xg in an Eppendorf 5417R microfuge for 20min. The FLAG-tagged proteins were isolated from the clarified cell lysate using 100ml anti-FLAG M2 affinity gel (Sigma) for 4h at 4 C. The beads were washed 7 times with 1ml of cell lysis buffer, 3 times with TBS and then the proteins were eluted with 100ml 200mg/ml FLAG-peptide in TBS containing 2mM dithiothreitol. Eluted proteins were analyzed on 7.5%-10% SDS-PAGE gels stained with Coomassie brilliant blue, and concentrations estimated by comparison to a series of bovine serum albumin standards in the range 0.1 to 1mg. The peak fractions were snap frozen in liquid nitrogen for storage at À80 C without dialysis.
Nucleotide binding and Rab GEF endpoint assays
Nucleotide binding and endpoint assays for GEF activity were carried out as follows [10, 23] . First, Rabs were loaded with nucleotide: 10mg GST-tagged Rab was incubated in 50 mM HEPES-NaOH pH 6.8, 0.1mg/ml BSA, 125mM EDTA, 10mM Mg-GDP, and 5mCi [ 3 H]-GDP (10mCi/ml; 5000Ci/mmol) in a total volume of 200ml for 20min at 4 C. For standard GDP-releasing GEF assays 100ml of the loading reaction was mixed with 10ml 10mM Mg-GTP, 10-100nM GEF or a buffer control, and adjusted with assay buffer to 120ml final volume. The GEF reaction occurred for 20min at 30 C. After this, 2.5ml were taken for a specific activity measurement, the remainder was split into two tubes, then incubated with 500ml ice-cold assay buffer containing 1mM MgCl 2 , and 20ml packed glutathione-Sepharose for 60min at 4 C. After 3 washes with 500ml ice-cold assay buffer the Sepharose was transferred to a vial containing 4ml scintillation fluid and counted. The amount of nucleotide exchange was calculated in pmoles GDP-released. For GTPbinding assays the following modifications were made: only unlabelled GDP was used in the loading reaction; in the GEF reaction 0.5ml 10mM GTP and 1mCi [ 35 S]-GTPgS (10mCi/ml; 5000Ci/mmol) were used. The amount of nucleotide exchange was calculated in pmoles GTP-bound.
Kinetic analysis of Rab GEF activity
For analysis of Rab GEF kinetics, 10nmol of hexahistidine-GST-Rab23 was loaded with 2 0 -(3 0 )-bis-O-(N-methylanthraniloyl)-GDP (Mant-GDP) (Jena Bioscience) in 20mM HEPES, pH 6.8, 1mg/ml BSA (protease and Ig-G free), 20mM EDTA, pH8.0, 40mM Mant-GDP at 30 C for 30min. After loading, 25mmol MgCl 2 was added and the sample was exchanged into reaction buffer (20mM HEPES, pH6.8, 1mg/ml BSA (protease and Ig-G free), 150mM NaCl, 1mM MgCl 2 ) using Zeba spin columns (Thermo Scientific). Nucleotide exchange was measured using 1nmol of the loaded Rab and the amount of GEF specified in the figure legends in a final volume of 100ml reaction buffer by monitoring the quenching of fluorescence after release of Mant-GDP using a Tristar LB 941 plate reader (Berthold Technologies) under control of MikroWin Software. Samples were excited at 350nm and emission monitored at 440nm. GTP was added to a final concentration of 0.1mM to start the exchange reaction at 30 C. Curve fitting and extraction of pseudo first order rate constants (k obs ) was carried out using Microsoft Excel [23] . Since k obs = (k cat /K m )x[GEF]+k basal where k basal is the rate constant measured in the absence of GEF, catalytic efficiency (k cat /K m ) can be obtained.
Rab GTP-hydrolysis endpoint assays
For Rab-loading reactions, 10ml of assay buffer, 73ml H 2 O, 10ml 10 mM EDTA, pH 8.0, 5ml of 1 mM GTP, 2ml g-[ 32 P]GTP (10 mCi/ml; 5,000 Ci/mmol; ICN), and 100pmol Rab protein were mixed on ice. A 2.5 mL aliquot of the assay mix was scintillation counted to measure the specific activity in cpm/pmol GTP. Reactions were then incubated at 30 C for 60min. The 5 mL aliquots were immediately added to 795ml of ice-cold 5% [wt/vol] activated charcoal slurry in 50mM NaH 2 PO4, left for 1h on ice, and centrifuged at 16,100 g in a benchtop microfuge (5417R; Eppendorf) to pellet the charcoal. A 400ml aliquot of the supernatant was scintillation counted, and the amount of GTP hydrolysed was calculated from the specific activity of the reaction mixture.
Immunofluorescence microscopy of cilia in cultured cells Cells were grown on No. 1.5 glass coverslips in 6-well plates. IMCD3 cells were plated at 30,000 cells per well and transfected with siRNA duplexes for 3 days. hTERT-RPE1 were plated at 20,000 cells per well and transfected with siRNA duplexes for 2 days or DNA for 1 day. To promote cilium formation, medium was replaced with growth medium lacking serum for 14h for IMCD3 or 48h for hTERT-RPE1 cells. For plasmid and siRNA transfection, Mirus TransIT-X2 (Mirus Bio LLC) and Oligofectamine (Invitrogen), respectively, were used according to the manufacturers' instructions. After the treatments described in the figure legends, cells were washed twice with 2ml of PBS at room temperature prior to fixation with either trichloracetic acid (TCA) or paraformaldehyde (PFA). For TCA-glycine fixation, cells were incubated in 2ml 10% [wt/vol] TCA at 4 C for 15min, and then washed five times in 2ml 30mM glycine, PBS pH7.4. For PFA fixation, cells were incubated in 2ml 3% [wt/vol] PFA in PBS for 15min, and then washed with 2ml 50mM ammonium chloride in PBS for 10min. Following fixation, all cells
